Intake and Adiposity in Rats. The gut hormone peptide ] decreases food intake when administered by intravenous infusion to lean and obese humans, and rats. Whether chronic administration of PYY(3-36) produces a sustained reduction in food intake and adiposity is the subject of intense debate. Batterham et al. (7) first reported that PYY(3-36) reduces food intake and weight gain in rats when injected into the peritoneal cavity twice daily for 7 days.
The gastrointestinal system plays an important sensing and signalling role in control of food intake and regulation of energy reserves (5) . A growing number of peptide signals of gastric, intestinal, and pancreatic origin have been shown to inhibit short-term food intake when administered acutely to experimental animals and humans. These include cholecystokinin, amylin, glucagon-like peptide-1 (GLP-1), oxyntomodulin, PYY , pancreatic polypeptide, gastrin-releasing peptides GRP-27 and GRP-10, enterostatin, and apolipoprotein A-IV (38) . The therapeutic potential of these peptides and their analogs for treatment of obesity remains to be determined.
An important early step in the development of obesity drugs is determining whether chronic administration of anorexigenic substances can produce a sustained decrease in daily food intake and adiposity in experimental animals. Methods of administration typically include either daily injections (subcutaneous, intraperitoneal, intramuscular) or insertion of an osmotic minipump beneath the skin or into the peritoneal cavity to deliver peptides continuously for a week or more. Results from such studies are often inconclusive. Reasons include development of a compensatory increase in food intake between injections and tolerance to continuous or frequent administration of the anorexigenic substances (19, 34) .
We have developed an experimental model that permits precise control of intravenous (IV) administration of anorexigenic peptides to rats tethered via infusion swivels to computercontrolled pumps. Rats are free to move within their individual cages and have free access to food and water. Indwelling jugular vein catheters are generally functional for several months.
Measurement of food bowl weight, recorded by computer every 20 seconds, permits daily assessment of the instantaneous effects of infused substances on food intake and meal patterns.
Adjustments in dosing pattern can be performed daily to minimize compensatory hyperphagia between doses and tolerance.
Using this technology we recently demonstrated that IV infusion of PYY(3-36) dosedependently inhibits food intake in rats (10) . This finding helped resolve the debate on whether exogenous PYY(3-36) inhibits food intake (7, 22, 39) . Here we report the effects of different daily patterns of IV infusion of PYY(3-36) on food intake, body weight, and adiposity in rats with free access to food.
MATERIALS AND METHODS

Animals.
Male Sprague-Dawley rats (310-530 g, Charles River, Kingston, NY) were surgically implanted with a jugular vein catheter and adapted to experimental procedures as described previously (40) . The Animal Studies Subcommittee of the Omaha Veterans Affairs Medical Center approved the experimental protocol. per day on food intake and weight gain in rats. For each of the animals used in this experiment, the jugular vein catheter was connected to a 40-cm length of tubing passed through a protective spring coil connected between a light-weight harness (IITC, Woodland Hills, CA) worn by the rat and an infusion swivel (Instech Laboratories, Plymouth Meeting, PA). Rats had free access to ground chow that was provided each day at 1400 h, 3 h before onset of the dark period. During an initial 3-day baseline period, all animals (n=30) received two 3-h IV infusions of vehicle (0.15 M NaCl, 0.1% BSA) during hours 0-3 and 6-9 of the dark period. Food intake and meal pattern (meal sizes and number of meals) were determined from continuous computer recording of changes in food bowl weight (40) . At the end of the baseline period, animals were randomly divided into two groups of 15 rats each, matched for daily food intake and body weight, to receive during the next 8 days IV infusions of either vehicle or PYY during the two 3-h periods. PYY(3-36) was 4 administered at 10 pmol/kg/min on day 1, and at 30 pmol/kg/min on days 2-8. Rat PYY was synthesized by solid-phase methodology using the Fmoc protection strategy and purified by reverse phase HPLC as described elsewhere (9) . The 10 pmol/kg/min dose of PYY(3-36) was initially chosen because it is slightly lower than the mean effective dose of PYY(3-36) for suppression of feeding in rats when administered IV during the first 3 h of the dark period (10).
Experiments
Effects of two 3-h IV infusions of PYY
Infusions were administered by pumps (PHD2000, Harvard Apparatus, South Natick, MA), which were turned on and off at scheduled intervals by a computer program. Body weights were measured every 2-3 days. At the end of the experiment, the patency of jugular vein catheters was determined by IV injection of 0.2 ml of the short-acting anaesthetic Propoflo (Abbott Laboratories, North Chicago, IL), and the weight of each rat was recorded. A catheter was considered patent if the rat lost consciousness immediately on injection of the anaesthetic; only data from such Propoflo-positive rats were included in statistical analyses. At the end of this experiment, PYY(3-36) was administered for two additional days to the same rats to determine the effects of PYY(3-36) infusion every other hour at 30 pmol/kg/min (day 9) and 10 pmol/kg/min (day 10) on food intake. every other hour on food intake, body weight and body composition in rats. A new set of animals was surgically prepared and adapted as described for the first study. During a 7-day baseline period, all animals (n=30) received 1-h IV infusions of vehicle every other hour beginning at 1200 h and ending at 0900 h the following day (dark period: 2100-0900 h). Animals did not have access to food from 0900-1100 h during which routine maintenance and experimental setup were performed. At the end of the baseline period, animals were randomly divided into two groups of 15 rats each, matched for daily food intake and body weight gain during the baseline period, to receive during the next 10 days, 1-h IV infusions every other hour of either vehicle or PYY(3-36) at 30 pmol/kg/min. Peptide administration and data acquisition and analysis were as described for the first study. Body composition analysis. At the end of the second study, the patency of jugular vein catheters was tested by injecting 0.2 ml of Propoflo into the catheters; only data from animals that lost consciousness immediately were included for analysis. The abdomen of each animal was quickly opened, the gastrointestinal tract was removed from distal esophagus to rectum, gastrointestinal contents were removed by flushing with water, the weight of the carcass including the empty 6 gastrointestinal tract was recorded, and the carcass was stored in an air-tight bag at -20°C until further analyzed. Carcass composition (total water, fats, proteins, and minerals) was determined according to AOAC methods of analysis for meat and meat products (1).
Effects of 1-h IV infusions of PYY
Determination of PYY
Statistical analyses.
Values are presented as group means ± SE. Data from the two studies comparing the effects of intermittent infusions of PYY and vehicle on food intake cumulated hourly each day, on food intake, mean meal size, and number of meals during specific intervals, and on body composition (weights of carcass, gut contents, water, fats, proteins, and minerals) at the end of the second study, were analyzed separately using either repeated measures analysis of variance or Student's t-test. Following repeated measures analysis of variance, planned comparisons of treatment means were evaluated by paired t-tests. Differences were considered significant if P < 0.05.
RESULTS
Effects of two 3-h IV infusions of PYY(3-36) per day on food intake and weight gain in rats.
During the 3-d baseline period, IV infusions of vehicle produced no significant differences in food intake or meal patterns between the two groups (Figures 1 and 2 In order to assess whether increasing the frequency of PYY(3-36) infusion would reduce this hyperphagia between infusions, on day 9, PYY(3-36) was administered every other hour at 30 pmol/kg/min, while control rats received vehicle infusions during the same intervals. PYY(3-36) reduced total food intake that day by 28% (18.0 ± 1.0 g vs. 25.1 ± 0.8 g in vehicle-treated rats, P<0.001; Figure 3A ). On day 10, PYY(3-36) was administered every other hour at a lower 10 pmol/kg/min dose, and only a transient reduction in food intake occurred ( Figure 3B ).
Effects of 1-h IV infusions of PYY(3-36) every other hour on food intake, body weight and body composition in rats.
During the 7-d baseline period, body weights in the two groups that were to eventually receive either infusions of vehicle or PYY(3-36) were 395 ± 6 g and 397 ± 12 g at the start of the period and 405 ± 7 g and 404 ± 13 g at the end of the period, respectively. During the 7-d baseline period, 1-h IV infusions of vehicle every other hour produced no significant differences in food intake or meal patterns between the two groups ( Figure 4 (Figures 4 and 5) . A gradual reduction in cumulative food intake occurred throughout the light and dark periods each day, primarily through reductions in meal sizes (Figure 4) . Thus, the anorexic response to PYY was sustained within and across experimental days with no apparent loss of sensitivity.
Importantly, PYY(3-36) also reduced body weight gain across the 10-day period (-1.9 ± 3.1 g vs.
12.9 ± 1.9 g in the vehicle-treated group, P<0.001), and reduced carcass content of total fats, proteins, and water at the end of the 10-day period by 35, 6 , and 6%, respectively ( Table 1 ). The 15 g reduction in weight gain became a 27 g difference when body weights minus gut contents were compared, because gut contents were 55% larger in the PYY(3-36)-treated rats (Table 1) .
DISCUSSION
The results of these experiments indicate that intermittent IV infusions of PYY(3-36) can produce a sustained decrease in daily food intake, body weight gain, and adiposity in rats, but only when intervals between PYY(3-36) infusions are shortened sufficiently to minimize compensatory hyperphagia between infusions. Anorexic responses to intermittent infusions of PYY(3-36) exhibit a rapid onset, little if any desensitization within and across infusions, and a rapid cessation when each infusion ends. PYY has also been reported to exhibit a short functional life when administered by subcutaneous or intraperitoneal injection to mice (36) . This likely explains why many laboratories have failed to demonstrate that one or two systemic injections of PYY per day can reduce daily food intake and body weight gain in rodents (39) and monkeys (29) .
We previously determined that a single 3-h infusion of PYY at dark onset in our rat model dose-dependently inhibited short-term food intake with a minimal effective dose and potency (mean effective dose) of 5 and 15 pmol/kg/min, respectively (10). Here we show that two 3-h infusions of PYY(3-36) at 10 pmol/kg/min during hours 0-3 and 6-9 of the dark period reduced food intake only during the first period of infusion. In contrast, two 3-h infusions of PYY(3-36) at 30 pmol/kg/min during the same periods produced significant reductions in food intake during both intervals of infusion each day of administration. The reasons for this difference in sensitivity to sequential administration of the two doses are not clear.
We previously determined that a single 3-h infusion of PYY at dark onset in our rat model dose-dependently reduced food intake primarily by decreasing meal size (10). Here we show that two 3-h infusions of PYY(3-36) for 8 days reduced meal frequency as well as meal size during infusion periods on most days. Infusion of PYY(3-36) every other hour produced a more gradual reduction in food intake each day, due primarily to decreases in meal size.
Together, these results suggest that PYY(3-36) acts to both reduce meal size and increase the duration of postprandial satiation produced by meals, since PYY(3-36) reduced meal sizes without decreasing intermeal intervals (increasing meal frequency).
Our finding that chronic PYY(3-36) administration increased gut contents is consistent with prior studies demonstrating that acute systemic administration of PYY and/or PYY slows gastric emptying and intestinal transit (9, 24, 29, 35) . Factors that promote gastric distention by inhibiting gastric emptying can reduce food intake by decreasing meal size (28, 32, 33) . Thus, PYY(3-36) may reduce meal size in part by slowing gastric emptying. Whether PYY(3-36) prolongs the intermeal interval by slowing intestinal transit remains to be determined.
Continuous subcutaneous administration of PYY by osmotic minipump has been reported to produce a transient 3-4-day reduction in daily food intake in normal and obese mice and rats (31, 39) . Continuous administration of other anorexigenic peptides (cholecystokinin, amylin, GLP-1) by osmotic minipump has also been reported to produce either no effect or a transient reduction in daily food intake in rodents (3, 4, 11, 12, 25) . One possible explanation for these transient responses is that early peptide-induced reductions in daily food intake and adiposity elicit a delayed compensatory response to restore energy balance mediated by a reduction in leptin signalling to the brain (3, 17) . Another possibility is that continuous administration of these anorexigenic peptides causes receptor down-regulation and tolerance.
PYY , cholecystokinin, amylin, and GLP-1 act at G-protein coupled receptors. Numerous studies have demonstrated that prolonged exposure of G-protein coupled receptors to agonists can induce receptor down-regulation and tolerance (6, 14, 19, 26, 37) . This likely explains why intermittent IV infusions of PYY(3-36) in our experimental model produced a sustained reduction in daily food intake, while continuous subcutaneous infusion of PYY produces only a transient suppression of feeding (31, 39) .
Whether endogenous PYY(3-36) plays a role in satiation and regulation of adiposity remains to be determined. A likely mechanism is an endocrine one involving a meal-induced secretion of PYY(3-36) from the distal intestine, which then acts as a hormonal signal to the brain to produce satiety and reduce adiposity. Batterham et al. (7) reported that IP injection of an anorexic dose of PYY increases plasma immunoreactive PYY in rats to a level that is similar to that produced by food intake in rats. However, PYY(3-36) administered IP could act locally to affect feeding before being absorbed into the circulation, which would preclude the establishment of a meaningful correlation between the feeding response to PYY and an increase in plasma PYY . In the same paper Batterham et al. provided evidence that IV infusion of PYY(3-36) inhibits food intake in humans when administered at a dose that increases plasma immunoreactive PYY to a level that is within the normal postprandial range previously reported for humans. However, PYY accounts for only about 50% of total PYY immunoreactivity in postprandial human blood (20) . The other major molecular form appears to be PYY (20, 21) , which is an order of magnitude less potent than PYY in reducing food intake (10) . Thus, it remains to be determined whether PYY(3-36) acts as a blood-borne signal to decrease food intake in humans or rats. Target tissues also have not been defined.
Recent studies suggest that PYY(3-36) may act in part through control of vagal signalling to the brain (2, 23) . On the other hand, high affinity PYY(3-36) binding sites are located throughout the brain in regions with and without a blood-brain-barrier (13, 18) . It is not clear whether the source of endogenous ligand for these receptors is in the brain or periphery. Systemically administered PYY(3-36) readily penetrates the blood-brain barrier (30) . On the other hand, PYY-like immunoreactivity has been detected in various brain regions linked to control of food intake including hypothalamus and brain stem (8, 15, 16, 27) . Thus, it remains to be determined whether PYY acts in the periphery and/or brain to reduce food intake and body adiposity, whether the PYY(3-36) source for these actions is in gut and/or brain, and whether gut PYY(3-36) acts in part through endocrine and/or paracrine control of vagal signalling to the brain. cumulative food intake. Data are from the experiment described in Figure 3 . Values are means ± SE. * P < 0.05, † P < 0.01, ‡ P < 0.001 when compared to vehicle-treated group. 
